In Pseudomonas aeruginosa, acyl-homoserine-lactone quorum sensing (acyl-HSL QS) regulates the expression of virulence factors and biofilm formation in response to cell density. The RsaL protein represses transcription of the lasI gene, encoding the 3OC 12 -HSL signal synthase. The level of 3OC 12 -HSL is 10-fold higher in an rsaL mutant than in the wild type. In this work, we studied the effect of 3OC 12 -HSL overproduction caused by the rsaL mutation by comparing the transcriptional profiles and virulence-related phenotypes of a P. aeruginosa rsaL mutant and its wild-type parent. Results showed that the rsaL mutant overproduces secreted virulence factors (pyocyanin, elastase, hemolysins), displays increased twitching and swarming motility and is hypervirulent compared with the wild type. Interestingly, the rsaL mutant is impaired in biofilm formation. Taken together, these results suggest that RsaL could be important in the transition of P. aeruginosa from a planktonic to a sessile life style and in chronic infections, characterized by biofilm formation and limited virulence factor production.
Introduction
The opportunistic pathogen Pseudomonas aeruginosa is a major cause of both community-and hospital-acquired infections. Pseudomonas aeruginosa chronic lung infection is the major cause of death in cystic fibrosis (CF) patients, a genetic disease affecting about 1/3000 newborns in the Caucasian population. Pseudomonas aeruginosa infections are difficult to eradicate as a consequence of their intrinsic antibiotic resistance and growth in bacterial communities referred to as biofilms (Driscoll et al., 2007) .
Quorum sensing (QS) is a social behavior, which enables a bacterial population to coordinate gene expression in response to cell density. The QS response is achieved when the concentration of a diffusible signal molecule reaches a threshold level (Miller & Bassler, 2001) .
Pseudomonas aeruginosa has three QS systems, based on the production of different signal molecules. The genes involved in the three QS systems are reciprocally regulated, forming a complex control network. The key QS signal molecule N-3-oxo-dodecanoyl-homoserine lactone (3OC 12 -HSL) is synthesized by LasI, encoded by the lasI gene, and its cognate receptor is the transcriptional regulator LasR, encoded by the lasR gene. The LasR/3OC 12 À HSL complex activates transcription of hundreds of genes, including lasI, and those coding for the other two QS systems, based on N-butanoylhomoserine lactone (C 4 -HSL) and 2-heptyl-3-hydroxy-4-quinolone signal molecules' production. As a whole, the QS circuit plays a key role in pathogenesis, regulating the production of virulence factors, the formation of biofilm and the expression of antibiotic efflux pumps (Diggle et al., 2006; Schuster & Greenberg, 2006; Dekimpe & Déziel, 2009) .
Although the production of 3OC 12 -HSL is positively autoregulated, its concentration reaches a steady-state level long before the stationary phase. This is due to a homeostatic control mechanism governed by the RsaL transcriptional repressor, encoded by the rsaL gene. Besides LasR, RsaL is the only regulator known to bind the lasI promoter, and among the QS repressors characterized to date, it shows the most dramatic effect on 3OC 12 -HSL production. The level of 3OC 12 -HSL in rsaL mutant cultures continues to rise in the logarithmic and stationary phase to a level about 10-fold higher than the level in a wild-type culture (Rampioni et al., 2007) . Besides RsaL, other negative regulators of lasI expression and 3OC 12 -HSL production were previously studied. For instance, a P. aeruginosa qscR mutant prematurely produces 3OC 12 -HSL and is hypervirulent in an invertebrate virulence-model system, but the maximum level of signal molecule in this mutant strain does not exceed that of the wild-type counterpart (Chugani et al., 2001) .
In a previous study, we compared the transcriptomes of a P. aeruginosa rsaL lasI mutant and of the same strain constitutively expressing RsaL, both grown in the presence of exogenously added 3OC 12 -HSL. This experiment allowed us to identify 130 genes regulated by RsaL independent of its effect on 3OC 12 -HSL production. Important virulence genes, such as pyocyanin and hydrogen cyanide biosynthetic genes, were found to be directly repressed by RsaL, suggesting that this protein could play a role in P. aeruginosa virulence (Rampioni et al., 2007) .
In this study, we take into consideration the effect of 3OC 12 -HSL overproduction caused by an rsaL mutation on the P. aeruginosa transcriptome and on the expression of virulence-related phenotypes. To our knowledge, this is the first study on P. aeruginosa QS in which the transcriptome and the phenotype of a strain endogenously overproducing 3OC 12 -HSL have been analyzed.
Materials and methods

Bacterial strains and culture conditions
Pseudomonas aeruginosa PAO1 (wild type) and its rsaL mutated derivative (rsaL::ISlacZ/hah) were supplied by The University of Washington Genome Center (http://www. genome.washington.edu/UWGC/pseudomonas). Pseudomonas aeruginosa strains were grown at 37 1C in Luria-Bertani broth (LB; Sambrook et al., 1989) ; 50 mg mL À1 tetracycline was added to the rsaL mutant culture.
Expression-profiling experiments
Expression-profiling experiments were performed as described previously (Rampioni et al., 2007) . The Bayesian prior estimate was 10 and the sliding window size was 100. The P-value threshold was 10
À4
. There was no cut-off for fold changes in gene expression.
Phenotypic assays
Elastase and pyocyanin production assays were performed as described previously (Ohman et al., 1980; Rampioni et al., 2007) .
Hemolytic activity was basically performed as described previously (Nicoletti et al., 1988) . Five hundred microliters of sheep erythrocytes (Oxoid) suspended in phosphate buffer, pH 7.4, were mixed with 10 mL of P. aeruginosa cultures grown in LB at 37 1C, to an A 600 nm of 3.0. After 3 h of incubation at 37 1C, the hemoglobin released was evaluated by measuring A 545 nm of the supernatant.
The Galleria mellonella virulence assay was performed as described previously (Jander et al., 2000) . Pseudomonas aeruginosa cultures were grown in LB at 37 1C to an A 600 nm of 0.5, harvested and resuspended in V Buffer (10 mM MgSO 4 , 150 mg mL À1 ampicillin). A series of threefold serial dilutions containing from 135 to 0 bacteria in V Buffer were injected into G. mellonella larvae (10 larvae for each dilution). As a negative control, 10 larvae were injected with V Buffer. Larvae were incubated for 48 h at 37 1C and scored periodically as live or dead. For motility assays, 2 mL of LB P. aeruginosa cultures (A 600 nm = 1.0) were dropped on 'swimming plates' (1 g L
agar, 8 g L À1 nutrient broth, 0.5% w/v glucose). Plates were incubated for 16 h at 37 1C.
Adhesion to polyvinylchloride and Congo red-binding assays were performed as described previously (O'Toole & Kolter, 1998; Gophna et al., 2001 ).
Antibiotic susceptibility was tested using the Kirby-Bauer disk-diffusion method (Bauer et al., 1966) .
Results and discussion
Impact of the rsaL mutation on the P. aeruginosa transcriptome To assess the effect of an rsaL mutation on the P. aeruginosa transcriptome, we compared the expression profiles of the rsaL mutant strain and of its wild-type counterpart grown in LB to an A 600 nm of 2.0 by high-density oligonucleotide microarrays. The results showed that 256 genes (4.6% of P. aeruginosa genes) were affected by the rsaL mutation (Supporting Information, Table S1 ). A significant part (49.2%) of these genes was identified as QS-controlled genes in previous microarray analyses (Hentzer et al., 2003; Schuster et al., 2003; Wagner et al., 2003) . Considerable overlap between the RsaL regulon and the QS regulon was expected, because RsaL itself is QS regulated, and at an A 600 nm of 2.0, the rsaL mutant produces about 2.5-fold more 3OC 12 -HSL than the wild type (Rampioni et al., 2007) . However, many RsaL-regulated genes had never been associated with QS before. Because RsaL is an integral part of the las QS system, these genes could be considered novel QS-controlled genes.
Among the 169 genes upregulated in the rsaL mutant, we found genes coding for important virulence factors, such as lasA and lasB (coding for LasA and LasB elastases), the rhlAB operon (involved in rhamnolipids biosynthesis), genes of both the phz1 and phz2 operons (involved in pyocyanin biosynthesis), chiC (coding for ChiC extracellular chitinolytic enzyme) and prpL (coding for PrpL endoprotease) ( Table 1) . Because these virulence genes are positively controlled by QS, the high level of 3OC 12 -HSL in the rsaL mutant could be responsible for their enhanced expression (Smith & Iglewski, 2003) .
Some genes known to be involved in biofilm formation were found to be regulated by RsaL; the cupA1 gene, encoding an adhesin, and the mexS gene, encoding an oxidoreductase, were found to be downregulated, while the lecA and lecB genes, encoding lectines, and the tad genes, involved in type IVb pili assembly, were upregulated in the rsaL mutant (Table 1; Vallet et al., 2001; Ramsey & Whiteley, 2004; Bernard et al., 2009; Chemani et al., 2009) .
Also, the genes encoding the mexGHI-opmD and mexEFoprN multidrug efflux pumps were found to be upregulated and downregulated in the rsaL mutant, respectively (Table 1 ; Köhler et al., 2001; Aendekerk et al., 2005) .
In a previous study, we compared the transcriptomes of a P. aeruginosa rsaL lasI double mutant with the same strain constitutively expressing RsaL, both strains grown in the presence of 5 mM exogenous 3OC 12 -HSL. This experiment made it possible to disconnect the regulatory link between RsaL and LasI and to identify genes regulated by RsaL, independent of its effect on 3OC 12 -HSL production (Rampioni et al., 2007) . Comparison of the former and the present microarray results shows that only 45 genes were differentially expressed in both experiments. Many of these 45 common genes show an inverse RsaL regulation when comparing the two experiments. As an example, in the absence of RsaL, 27 genes were upregulated in the former experiment and downregulated in the present one (Table  S2 ). In the case of genes affected by both QS and RsaL, the higher 3OC 12 -HSL levels in the rsaL-deficient strain may have balanced or even counteracted the lack of RsaL. Another possible explanation for this finding is that the effect of endogenous and exogenously added 3OC 12 -HSL on the P. aeruginosa transcriptome could be different. Actually, Ã Gene number, gene name and product name from the Pseudomonas Genome Project (http://www.pseudomonas.com). Bold indicates genes previously reported to be QS-controlled (Hentzer et al., 2003; Schuster et al., 2003; Wagner et al., 2003) .
w Fold change in the gene expression of the Pseudomonas aeruginosa PAO1 rsaL mutant compared with the P. aeruginosa PAO1 wild type. RND, resistance-nodulation-cell division.
3OC 12 -HSL is actively secreted through the MexAB-OmpD (and probably MexEF-OprN) efflux pump, while it seems to enter into the cell more slowly by passive diffusion (Pearson et al., 1999; Köhler et al., 2001) . Therefore, an imbalance in the 3OC 12 -HSL import/export rates may induce drastic changes in the expression of the QS-controlled genes.
Importance of RsaL in P. aeruginosa virulence and biofilm formation
To assess whether RsaL plays a role in P. aeruginosa pathogenesis, we compared the wild-type and the rsaL mutant strains for the expression of phenotypes related to P. aeruginosa ability to survive and proliferate within the host. The RsaL mutant displayed enhanced elastolytic, and hemolytic activity, with respect to the wild type (Fig. 1) . These results validate the microarray analysis (Table 1) . Indeed, the expression of the lasA and lasB elastases genes was upregulated in the rsaL mutant, with respect to the wild type. Moreover, the increased hemolytic activity could be due, at least in part, to the enhanced expression of genes involved in rhamnolipid synthesis (rhlAB) shown by the rsaL mutant. The genes lasA, lasB and rhlAB are positively controlled by QS, but these genes were not found to be controlled by RsaL in our previous microarray analysis (Table S1 ; Rampioni et al., 2007) ; thus, the enhanced expression of these genes in the rsaL mutant could be due to the increased 3OC 12 -HSL levels in this strain, with respect to the wild type.
Also, the production of the cytotoxic secondary metabolite pyocyanin was enhanced in the rsaL mutant with respect to the wild type, in agreement with microarray analysis (Fig. 1 and Table 1 ). Pyocyanin biosynthesis is repressed by RsaL both indirectly, via its effect on 3OC 12 -HSL levels, and directly, by binding of this repressor to the promoters of phzM and phzA1 genes (Rampioni et al., 2007) .
The increased production of secreted virulence factors suggests that the rsaL mutant could be hypervirulent, with respect to the wild-type strain. To assess this hypothesis, we compared the pathogenic potential of P. aeruginosa and of its rsaL derivative mutant in the G. mellonella wax-moth, a simple model of infection that correlates well with murine acute infection models (Jander et al., 2000) . The rsaL mutant showed an LD 50 sevenfold lower than the wild type; thus, RsaL is a strong repressor of P. aeruginosa virulence, at least in this experimental model (Fig. 2) .
Another P. aeruginosa phenotype related to virulence is motility. The rsaL mutant showed no differences in swimming with respect to the wild type (data not shown); therefore, RsaL plays no role in this kind of flagellum-mediated motility. On the contrary, the rsaL mutant showed enhanced twitching and swarming motility with respect to the wildtype strain (Fig. 3) , indicating that RsaL is a repressor of P. aeruginosa surface-motility.
Twitching mainly relies on the retractile properties of P. aeruginosa appendages known as IVa pili, whose expression is known to be dependent on 3OC 12 -HSL (Glessner et al., 1999) . Although type IVa pili genes were not found to be differentially regulated in the microarray experiment, it cannot be ruled out that they were affected by the rsaL mutation under the twitching experiment conditions.
Swarming is a complex and still not well-understood type of motility, to which several factors may contribute. A major determinant of swarming is the production of rhamnolipids, which produce a layer of surfactant on which bacteria can move (Kirisits & Parsek, 2006) ; thus, the enhanced expression of rhlAB in the rsaL mutant could account, at least in part, for the increased swarming activity. Because motility is often inversely related to biofilm formation (Verstraeten et al., 2008) , we tested the ability of the P. aeruginosa rsaL mutant to form a biofilm using two standard methods: adhesion to polyvinyl chloride microplates (O'Toole & Kolter, 1998) and Congo red binding (Ma et al., 2006) . Results showed that the rsaL mutant produces less biofilm than the wild-type strain (Fig. 4) . Biofilm formation is a complex pleiotropic phenotype and the impact of QS on this process is dependent on the experimental conditions and the growth media (Kirisits & Parsek, 2006) . Therefore, it is not easy to correlate the microarray data with the decreased biofilm production of the rsaL mutant. However, this phenotype could be, at least in part, due to the downregulation of the cupA1 and mexS genes in the rsaL mutant (Table 1) .
Importance of RsaL in P. aeruginosa resistance to antibiotics
The microarray experiment showed that genes encoding multidrug-efflux systems were differentially regulated in the rsaL mutant, with respect to the wild type (Table 1) . To investigate whether RsaL could play a role in P. aeruginosa resistance to antibiotics, we tested the susceptibility of the rsaL mutant and the wild-type strain to a range of these compounds. The rsaL mutant showed enhanced antibiotic susceptibility to trimethoprim, cloramphenicol, norfloxacin and nalidixic acid, with respect to the wild type (Table 2) . Interestingly, the microarray analysis showed that the rsaL mutation leads to upregulation and downregulation of the mexGHI-opmD and mexEF-oprN multidrug-efflux system operons, respectively (Table 1 ; Köhler et al., 2001; Aendekerk et al., 2005) . The mexEF-oprN multidrug-efflux system is known to be involved in the efflux of trimethoprim, cloramphenicol, norfloxacin and nalidixic acid (Köhler et al., 2001 ). Interestingly, a P. aeruginosa mutant inactivated in mexI showed an enhanced resistance to the same antibiotics, suggesting an inverse relationship between mexGHIopmD expression and antibiotic resistance (Aendekerk et al., 2005) . The enhanced antibiotic susceptibility of the rsaL mutant with respect to the wild type is thus in agreement Fig. 2 . Galleria mellonella virulence assay. Curve fit representing the relationship between the amount of bacteria injected in larvae of G. mellonella and the fraction of larvae killed by the infection. , Pseudomonas aeruginosa wild type (wt); , P. aeruginosa rsaL mutant (rsaL). GRAPHPAD PRISM 5.0 software was used to fit a curve to the infection data using the following function:
, where X is the number of bacteria injected, Y is the fraction of larvae killed by the infection, A is the fraction of larvae killed by control injections and B and G are parameters that are varied for optimal fit of the curve to the data points. Data from three independent experiments were combined. LD 50 , lethal dose killing 50% of the larvae, were calculated from the curves. with the differential regulation of mexGHI-opmD and mexEF-oprN multidrug-efflux system operons in the microarray experiment. However, the low efficiency of Congo red dye binding of the rsaL mutant compared with the wild type indicates changes in the composition of the cell surface that could also contribute to the increased sensitivity of the rsaL mutant strain to antibiotics.
Conclusion
Our previous results showed that RsaL is a core component of the las QS system and that, besides its role as a repressor of lasI transcription, RsaL is a global regulator per se, controlling 130 genes independent of its repressive effect on lasI expression and 3OC 12 -HSL production (Rampioni et al., 2007) . In this study, the overall impact of an rsaL mutation on the P. aeruginosa transcriptome and virulence, including the 3OC 12 -HSL overproduction effect, has been investigated.
Microarray results showed that the rsaL mutation causes a drastic change in the P. aeruginosa transcriptome, with 256 genes differentially regulated. When combining these results with those of the previous microarray experiment, it seems that RsaL can control, directly and indirectly, at least 341 genes, including the most important virulence genes, and genes involved in biofilm formation and antibiotic resistance. These results indicate that RsaL is a major global regulator of P. aeruginosa gene expression. While it was quite predictable to find enhanced levels of QS-dependent secreted virulence factors in the rsaL mutant, the finding that this gene positively controls antibiotic resistance and biofilm formation is a novelty of particular interest, suggesting a possible role for RsaL during chronic infection.
A P. aeruginosa population can adopt distinct behaviors in acute and chronic infections. An acute infection is rapid, systemic and likely carried out by a planktonic (motile) bacterial community, a behavior requiring high-level expression of virulence factors (Furukawa et al., 2006) . It is believed that in this kind of infection, QS could be important to allow the massive production of virulence factors when the bacterial community has reached a sufficient density to overcome the host immune system (Smith & Iglewski, 2003) .
In a chronic infection, bacterial proliferation is limited to a specific host tissue (often in association with medical devices) and bacteria can persist in the host for extended periods of time, adopting a slow-growing sessile style of life (biofilm) and producing limited amounts of virulence factors, despite high cell densities, in order to avoid and resist the host immune system and prolonged antibiotic therapies (Furukawa et al., 2006) . Our results show that, through its repressive effect on 3OC 12 -HSL production, RsaL negatively controls the production of secreted virulence factors, surface motility and virulence in the G. mellonella acute model of infection, while positively affecting biofilm production and antibiotic resistance. Therefore, the homeostatic control exerted by RsaL on 3OC 12 -HSL production could be important in chronic infections, characterized by biofilm formation and limited virulence factor production. In agreement with this hypothesis, the rsaL gene was found to be constitutively upregulated in P. aeruginosa isolated from chronically infected CF lungs, with respect to the PAO1 reference strain, suggesting that during the adaptation of P. aeruginosa to the CF lung, there is a positive selection for cells expressing high levels of RsaL (Son et al., 2007) . It is tempting to speculate that RsaL could also be important in the transition of P. aeruginosa from the planktonic to the sessile Disks contained 500 mg trimethoprim (Tm), 300 mg chloramphenicol (Cm), 12.5 mg norfloxacin (Nor) and 200 mg nalidixic acid (Nal); R, resistant. The inhibition zone diameter (cm) is the average of five independent experiments with SD.
way of life. Further studies will be required to understand whether environmental cues, in addition to cell density, may modulate RsaL expression during this transition. While this manuscript was in preparation, Steindler et al. (2009) reported that in the beneficial rhizosphere P. aeruginosa strain PUPa3 RsaL also strongly represses 3OC 12 -HSL production. Interestingly, the rsaL mutation did not affect PUPa3 virulence in the G. mellonella model. However, different from the PAO1 clinical isolate used in this study, in PUPa3, the LasR/3OC 12 -HSL complex does not activate the C 4 -HSL-based QS system, implying a different effect of 3OC 12 -HSL overproduction on the transcriptome and on the overall phenotype of the PUPa3 strain. How several aspects of the QS regulatory network can vary in different isolates is an issue that deserves further studies.
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